The variability of the stratospheric winters is investigated. Monthly mean 30-mbar temperatures over the North Pole which are available for a 26-year period, have been grouped according to the phase of the equatorial QBO at the 50-mbar level, following a suggestion of Holton and Tan (1980) . It is shown that the winters are "relatively undisturbed, cold" with an enhanced tendency for the development of a pronounced "normal wave 2 pattern" when the equatorial winds at the 50-mbar level are from the west. Major midwinter warmings seem not to take place in this category, except near the sunspot maxima. In contrast, during the "easterly" phase of the equatorial QBO there is a tendency for an enhanced development of height-wave 1 already in early winter, which leads often to the development of a major warming during midwinter and hence to a generally warmer polar region.
Introduction
It has been shown before (Labitzke, 1977 (Labitzke, , 1981b Naujokat, 1981) that the interannual variability of the middle stratosphere during the northern winters is very large. It has also been shown (Labitzke; 1977) that one can distinguish between "disturbed" and "relatively undisturbed, cold" winter months. The disturbed months are affected by midwinter warmings, while the "undisturbed, cold months" are governed by the "normal wave 2 pattern" , i.e., an elongated polar vortex with two minima, one over Asia and one over Canada, (Labitzke, 1982) . During this situation the cold tropospheric trough over Canada (between 100 and 50*W) continues uncompensated into the stratosphere.
Recently Holton and Tan (1980) have shown observational evidence that the equatorial quasibiennial oscillation (QBO) does modulate the extratropical circulation at 50 mbar. And they have shown that during the westerly phase of the equatorial winds (at the 50-mbar level) the polar region is always colder and height-wave 2 stronger in mid-and late winter, while heightwave 1 is stronger in early winter during the easterly phase of the equatorial QBO.
It is the purpose of this paper to combine the results of these studies to get a clearer picture and a better understanding of the interannual variability of the northern stratospheric winters.
Data
Monthly mean 30-mbar temperatures over the North Pole are available for the 26-year period July 1955-June 1981 (update of Fig. 1 of Naujokat, 1981) . For a survey of winter events daily stratospheric analyses are available since 1957 (Staff, Stratospheric Research Group, F.U. Berlin); for the winter 1951/52-1955/56 information was found in Scherhag (1952) , Warnecke (1956) and Wilson and Godson (1962) . Since April 1964 the radiosonde data from the USSR were submitted regularly. Therefore reliable daily analyses are available only since this time (Staff, Stratospheric Research Group, F.U. Berlin). These data have been used for the harmonic analysis to obtain amplitudes and phases of the daily planetary-scale waves, as well as for the calculation of the daily zonal mean winds and temperatures. 
Definition of winter events
Canadian Warmings, C.W., are characterized by an intensification of the Aleutian anticyclone, i.e., an amplification of the planetary-scale heightwave 1 (Labitzke, 1977) and a reversal of the temperature gradient poleward of 60*N is possible. These warmings occur most often during early winter.
Major midwinter warmings, *, are defined as such events during which at the 10-mbar level or below the latitudinal mean temperature increases poleward from *60* latitude and an associated circulation reversal is observed (i .e., net mean easterly winds poleward of *60* latitude). (Definition by CAS/WMO).
Final warmings, F.W., are the transition into summer conditions; in this paper a F.W . is called "early" if the monthly mean 30 -mbar North Pole temperature is *-51* in March, or *-44* in April (cf. Table 1) ; [late] denotes a delayed F.W. due to the "late winter cooling" which follows a major midwinter warming, and [C] marks a month which belongs to the group of coldest months due to the "late winter cooling" effect. If the major warmings take place late in winter, they may turn directly into F.W., denoted here as * F.W.; in this instance the late winter cooling is less effective than the heating due to the returning sun.
4. The variability of the planetary-scale heightwaves in the middle stratosphere during winter
The varying activity of the planetary-scale waves is responsible for the interannual varia- bility of the polar stratosphere. As was shown previously (van Loon et al., 1973) height-waves 1 and 2 account for most of the total spatial variance in the stratosphere and the two waves reach their peak between 60 and 70*N. Therefore, the daily values of the amplitudes of the height-waves 1 and 2 at the 30-mbar level are given for 60*N, Fig. 1 , for the 17 winters 1964/ 65-1980/81 (update and enlargement of Fig. 1 of Labitzke, 1977) , together with the mean zonal wind at 60*N and the temperature difference between 80 and 50*N. This temperature contrast correlates well with the zonal kinetic energy KZ (Labitzke, 1977) , with large negative values reflecting a strong, cold polar vortex and positive values indicating a reversal of the temperature gradient. This survey on the last 17 northern winters indicates that at least during these winters an amplification of height-wave 1 concurrently with a minimum of height-wave 2 was observed as a characteristic pre-condition before the onset of a major warming (Labitzke, 1977; 1981a) . Often, the amplification of height-wave 1 starts in the troposphere, e.g., with a blocking situation over the area near Iceland, and a few days later the maximum of height-wave 1 is reached in the stratosphere and also in the mesosphere (Labitzke, 1981a) . It should be noted that height-wave 1 is often already rather large in the stratosphere when the pulse which leads to the strong intensification arrives, penetrating upwards from the troposphere. This indicates that both in the stratosphere and in the troposphere the right conditions must be met to lead to the development of a major warming. The breakdown (circulation reversal) of the polar vortex sometimes follows the period of large amplitudes of height-wave 1 (i.e., values above 700 m at 60*N, 30-mbar level) immediately, like in January 1973, but it may take two weeks until the reversal of the temperature gradient is achieved, like in January 1968 or February 1979. The breakdown is often accompanied by a concurrent development of the "disturbed" heightwave 2, reflecting the split of the vortex, but there are also major warming cases without the development of wave 2, like in January 1970 and 1977 , and in March 1980 .
Satellite data have shown that intense warmings occur almost every winter in the upper stratosphere. They affect the middle stratosphere sometimes, with different intensities, and are called "minor warmings". In order to keep this survey manageable, these warmings have been omitted in this study.
It must be mentioned that prior to 1964 some major warmings developed through the amplification of height-wave 2. It is not understood what parameters have changed since and why height-wave 1 became especially large during the last winters, e.g., in January 1979 or February 1981, Fig. 1 . The time-scale of this problem is such that it is of interest for climate studies and should be pursued further.
Reliable daily analyses are available only since the winter 1964/65. To extend this investigation of the interannual variability beyond this winter, one has to use monthly mean data which are available since the winter 1955/56. This is done in the following section.
The variability of the monthly mean 30-mbar temperatures over the North Pale during the past 26 years
The monthly mean temperatures over the North Pole can be considered to be representative for the arctic region north of *80*N. The frequency distribution in Fig. 2 shows at first glance two facts: during the summer months the variability of the temperatures is very small, *=0.7 in July, while during the winter and spring months December-April the variability is very large, largest in February when * amounts to 10.9*. This difference in temperature variability is due to the fact that in summer the prevailing easterly winds prohibit the propagation of the planetaryscale waves from the troposphere into the stratosphere (Charney and Drazin, 1961) , while the opposite is the case in winter. The large variability of the stratospheric temperatures in winter reflects the occurrence of stratospheric warmings or cold midwinter periods which all depend on the varying intensity of the planetary-scale waves (cf. Fig. 1 ), originating in the troposphere. The interannual variability of these waves in the troposphere as well as in the stratosphere is not fully understood.
In the following it will be tried to discuss some features related to the large variability.
For the period November-May the values given in the frequency distribution ( Fig. 2 ) are listed in Table 1 Table 1 are further marked winter events such as Canadian Warmings, major warmings, and major Final Warmings (cf. Section 3). These events are also given for the 4 winters 1951/52-1954/55, but monthly mean polar temperatures are not available for these early winters. In the column RJ the relative sunspot number is given for January (Swiss Federal Observatory, Zurich). In the last column "F.W." the timing of the transition into summer conditions is grouped into late or early, see Section 3.
6. A grouping of the winters according to the winds in the equatorial stratosphere
In a recent paper, Holton and Tan (1980) have shown strong evidence that the equatorial quasibiennial oscillation (QBO) modulates the global circulation at 50 mbar. Holton and Tan showed: "that in the Northern Hemisphere the zonal mean geopotential at the pole is lower during the westerly phase of the equatorial QBO, both in summer and in winter; that during NovemberDecember the stationary planetary wavenumber 1 is substantially stronger during the easterly phase of the equatorial QBO (at 50 mbar), but that there is little evidence of a QBO in wave- number 2 during early winter. In the JanuaryMarch period wavenumber 2 is stronger during the westerly phase of the equatorial QBO, and there is little evidence of a QBO in wavenumber 1. However, the wavenumber 2 signal may be a result of sampling fluctuations."
Holton and Tan have grouped the winters into westerly and easterly categories, depending on the sign of the mean zonal wind in November-December at 50 mbar at Balboa (9*N). In this study, I want to extend the study of Holton and Tan, using at first the information given in Table 1 .
A time-height section of the mean zonal wind over the equator is shown in Fig. 3 (courtesy of B. Naujokat, F.U. Berlin). As was pointed out already by Holton and Tan, it is relatively easy to group the winters into the two categories, if one chooses as a criterium for the classification the sign of the mean zonal wind at the 50-mbar level in November-December, because at this level the phase change between west and east occurs most often in summer . Therefore, and also to make this study consistent and comparable with the work of Holton and Tan, I have grouped the winters based on the equatorial winds at the 50-mbar level, even if my data are mainly for the 30-mbar level.
a) The two winter categories
In Table 2 the winters of Table 1 are grouped into a "westerly" and an "easterly" category . Only the winter 1977/78 was omitted because of a phase change of the equatorial 5Q-mbar wind in December 1977. Looking at Table 2 , two facts are obvious at once: 1) Most of the cold winter months denoted with C are to be found in the "westerly" category , in agreement with the results of Holton and Tan that the geopotential over the pole is lower during the "westerly" phase of the QBO. Still, it was not expected that almost all of the coldest months of the observational period belong into this group. This is true also for November and December, although Canadian Warmings have been observed during half of the 16 winters of the "westerly" category. Obviously those C.W.'s were less intense and the polar region was less disturbed than during the C.W.'s of the "easterly" category. 2) In the "easterly" category major midwinter warmings are more frequent: major warmings took place during 8 out of 13 winters in contrast to 4 out of 16 winters in the "westerly" category.
The 4 major warmings in the "westerly" category occurred in 1957/58, 1967/68, 1969/70, and 1980/81 . A comparison with the information given in Table 1 reveals that these winters are all winters near the sunspot maxima. In other words, major warmings did not occur in the "westerly" category , except during winters near the sunspot maxima. Of course, no significance can be attributed to this result, because only three maxima and three minima of the sunspot cycles are covered by the 30 years for which observations are available. No system can be found for the timing of the F.W.'s. From Table 1 it is evident that these warmings can be late several years after another, and then several years with early F.W.'s may follow. There is no evidence for a correlation with the sunspot cycle nor with the QBO.
For the period 1964/65-1980/81 the monthly mean 30-mbar maps have been combined into means of the "westerly" and "easterly" categories. Zonal harmonic wave analysis has been applied for the single months and for the means of each category. The amplitudes of the 30-mbar height-waves 1 and 2, at 60*N, are given in Table 3 with the same notations as in Tables 1  and 2 .
Further, in the "westerly" category only the C-months are averaged to eliminate the effect of the major warmings and to clearer define the behaviour of the quasi-stationary planetary waves of the "undisturbed, cold" case, (Table 3 ). In the "easterly" categor y an average is made, omitting the few C-months, which results in a clearer picture of the waves in the "disturbed" case.
The amplitudes of the such defined averages are plotted for the months November-February in Fig. 4 Fig. 4 Amplitudes of the quasi-stationary heightwaves 1 and 2, grouped into an "easterly" and a "westerly" category, respectively; (see text for details). developed in November, reaches its peak in December, creates during January-February 4 major warmings in 5 winters and decays afterwards, while height-wave 2 remains weak during all months. It should be noted that short periods with large amplitudes of the daily height-wave 2 (cf. Fig. 1 ) are usually only weakly reflected in the monthly mean maps.
During the "westerly" phase both height-waves 1 and 2 start from low amplitudes in November and both height-waves increase steadily until February, as no major warming is included in this average. Although height-wave 2 remains always weaker than height-wave 1, it reaches very large amplitudes until February. b) On the main differences between the two categories As shown in Fig. 4 , the differences between the two categories are largest in early winter as regards the quasi-stationary height-wave 1, and in midwinter as regards height-wave 2.
Comparison between November 1975 and
November 1979 Holton and Tan speculate that the latitudinal shift of the u=0 line might be an important link between the equatorial and the high latitude QBO's. Therefore, at first the monthly mean charts for the two Novembers are shown, Fig. 5 . As the grouping of the winters has been made with respect to the equatorial winds at the 50-mbar level, the 50-mbar maps are shown here. In November 1975, Fig. 5a , westerlies are observed over the equatorial region and only a narrow band of easterlies still exists between the equatorial westerlies and the westerlies of the polar vortex. The height and temperature fields are rather symmetric, the so-called "Aleutian" anticyclone is developed but situated relatively far to the south. Its warm area is situated to the northwest, a characteristic pattern for planetaryscale waves, indicating a westward slope with height and an upward transport of wave energy.
In November 1979, Fig. 5b , the phase of the QBO was easterly at the 50-mbar level and the easterlies are reaching almost to 30*N. Though the absolute height and temperature values are not different from the values in November 1975, Fig. 5a , the whole pattern is much more asymmetric in November 1979. The center of the coldest air is shifted from the pole to the European sector of the Arctic, and the warm area is situated far to the northeast of the center of the line is not very different in the two Novembers, but probably there is a difference in the interaction between high and low latitudes whether the easterlies prevail over the whole area from the equator to 25*N or only in a narrow band.
For the same Novembers, but for the 30-mbar level, amplitudes and phases of height-and temperature-wave 1 are shown in a meridional plane, Fig. 7 . The difference of the amplitudes of height-wave 1 was discussed before, but it is of interest to see that similar differences exist also for the temperature wave, and that these differences cover the whole region north of 45*N, with a maximum at 70*N. The phases are sloping westwards with decreasing latitudes, but the slope is less in the November 1979 case. Also, during this November the phase difference between the height-and the temperature-wave is smaller than during November 1975. Usually, a large westward slope with decreasing latitude indicates strong northward transport of momentum and the larger phase difference between the height-and the temperature-wave indicates stronger upward flux of wave energy. But both quantities are not very effective as the amplitudes of wave 1 are too small in November 1975.
As was shown in Fig. 4 , the tendency for the asymmetry as shown here for November 1979, i, e., for a large quasi-stationary wave 1, continues in December and January during the winters belonging into the "easterly" category. The winters belonging into the "westerly" category, however, show a tendency for the development of a strong height-wave 2 in conjunction with a strong heightwave 1.
Comparison during midwinter
As was shown in Fig. 4 for 60*N, the differences of height-wave 2 are largest in February. Therefore, the meridional profiles of the amplitudes of height-wave 2 and of the mean zonal winds are plotted for both categories in Fig. 8 . Again, in the "westerly" category only the Cmonths have been averaged, 5 months (cf. Table  3 ) to avoid a weakening through the effects of the major warmings, and in the "easterly" category the two C-months have been omitted. Clearly, the amplitudes of the height-wave 2 during the cold Februaries of the "westerly" category are almost twice as large as the amplitudes of the "easterly" category . And because these cold Februaries are usually characterized by an intense polar vortex, the mean zonal winds are also very strong, more than twice as strong as the winds Fig. 8 Amplitudes of height-waves 2 and mean zonal winds during February, at 30-mbar: Comparison between months of the "westerly" and of the "easterly" category, respectively; (see text for details).
of the Februaries belonging to the "easterly" category. But these weaker winds reflect more the fact that out of the 5 months averaged, 4 months are affected by the major warmings. It is therefore better to concentrate a comparison on January.
In Fig. 9 the zonal mean temperatures and the zonal mean winds are compared during January, with the same averaging as for Fig. 8 . With this type of averaging the differences come out very clearly: especially the much colder polar vortex poleward of 55*N, and the much stronger winds between 40 and 80*N due to the much steeper temperature gradient during the months belonging to the "westerly" category.
The difference between the two categories can, however, be described as well using single months, like, e.g., January 1974 ("westerly" category) and January 1971 ("easterly" category). January 1974 is a typical "relatively undisturbed, cold" winter month with a very strongly developed quasistationary height-wave 2 concurrent with a well developed quasi-stationary height-wave 1. Janu- ary 1971 is a month with a very marked major warming, and height-wave 1 was very strong before the warming (cf. Fig. 1 ). For these two months meridional profiles of the amplitudes and phases of height waves 1 and 2 are shown in Fig. l0a -c, together with the mean zonal winds. The difference in the relation between the amplitudes of waves 1 and 2 is striking. And the mean zonal winds are twice as large in January 1974, , i.e., during the "undisturbed, cold" month. Noteworthy are also the different slopes of the phases: in January 1974, Fig. l0b , height-wave 1 shows an unusual slope eastward with decreasing latitude which indicates southward momentum transport, in contrast to the typical slope of height-wave 1 in January 1971, Fig. 10d . However, the very large height-wave 2 of January 1974 slopes in the usual way, Fig. l0b , and is transporting enough momentum northward. The differences between the two Januaries can be demonstrated even better with height-longitude sections along 60*N which reveal the different vertical structure of the planetary-scale waves. The deviations of the heights from the zonal means are shown in Fig. 11 . Here, January 1974, Fig. 11 a, shows the typical structure of the "normal wave 2 pattern" (Labitzke , 1982) . This structure is caused by an elongated polar vortex with two minima, one over Asia and one over Canada. In this situation the cold tropospheric trough over Canada grows uncompensated into the stratosphere. This is a characteristic structure of a "relatively undisturbed, cold" winter month in the middle stratosphere.
January 1971, Fig. 11b , shows a compensated tropospheric wave 2 and the dominance of wave 1 in the stratosphere, a typical structure of disturbed winter months.
Within the midwinter months DecemberFebruary of the winters 1964/65-1980/81, 24 months have been denoted with C (cf. Table 1), An inspection of similar vertical height-longitude sections as shown in Fig. 11 which are available for this period, reveals that during 21 of the 24 months the "normal wave 2 pattern" existed, Table 4 , i.e., during all but one out of 17 in the "westerly" category, during the two each in December and January in the "easterly" category, and during December 1977 which had been omitted from either group. This shows that a) the extremely cold winter months are connected with the "normal wave 2 pattern", and b) that these C-months occur mainly during the westerly phase (at the 50-mbar level) of the tropical QBO.
These results are based on monthly mean data. They reflect a difference in the vertical structure of the quasi-stationary planetary-scale waves and hint therefore to a connection with the troposphere which shall be pursued further.
Conclusion
It has been shown that the interannual variability is very large in the middle stratosphere during the northern winters. Some winters are highly disturbed by midwinter events while others remain relatively undisturbed, with a cold polar region. Following the idea of Holton and Tan (1980) , the 26 winters available for this study have been grouped according to the phase of the equatorial QBO (at the 50-mbar level). The results presented support the idea of Holton and Tan that the equatorial QBO modulates the extratropical circulation of the middle stratosphere. This modulations results in an enhanced tendency for the development of the "normal wave 2 pattern" during the "westerly" phase in conjunction with a strong height-wave 1, a development which includes often a very cold polar region and strong mean zonal winds over middle and high latitudes. Major warmings did not occur within the "westerly" group-except during winters close to the sunsplot maxima. Of course, no significance can be given to this observation, as it is based on 3 sunspot cycles only.
During the "easterly" phase of the equatorial QBO there exists a tendency for an enhanced development of only the quasi-stationary heightwave 1, already in early winter. This development leads often to major warmings in January and February and results in a generally warmer polar region.
It is shown that the vertical structure of the quasi-stationary planetary-scale waves tends to be different in the two categories defined . Probably, this difference has its origin in the troposphere , a question which will be pursued further. Some results of this study should, however , be already of interest for tropospheric questions, like, e.g., long-range forecasts, as these results are based on monthly mean data and include therefore some persistance on a time-scale of at least a month. van Loon and Madden (1981) . The C-months are the same as in Tables  I-IV . The phase of the QBO as defined in this paper is given at the right hand side of each group.
the Southern Oscillation (SO) on the circulation of the troposphere in higher latitudes. Recently, van Loon et al. (1981) extended their studies to the stratosphere. They grouped their winters into two categories, called HIGH/ DRY and LOW/ WET (for details of their definitions, see cited references), and claim that the winters (DecemberFebruary) are warmer over the Arctic during the LOW/ WET periods, together with weaker winds north of 45*N. These are the features which would fit into the "easterly" category of the study presented here. Van Loon et al. had 15 winters (1963 /64-1977 ) available and could define 11 extremes for their two groups. Based on the data of Table 1 and on a list of SO-extremes given by van Loon and Madden (1981) , I extended the period to 23 winters (1955/56-1977/78) and found 14 extremes. The combination of the information of Tables 1 and 2 and the groups as defined by van Loon et al. is given in Table  5 . Obviously, the QBO and the SO have different phases. The result of van Loon et al. agrees with the results given in this paper, as most of the "westerly" winters are in the HIGH/ DRY group which is supposed to contain the colder polar winters, and most of the "easterly" winters are in the LOW/ WET group and yield the warmer polar winters. But it is the opinion of the author that a grouping according to the phase of the equatorial QBO gives the clearer results.
